The detection of trace elements in mineral samples helps to establish the conditions under which these minerals had been formed, e.g., it helps to broaden knowledge of geology of different mines to determine the purity of minerals, to determine the presence of very rare and important elements. Also, these results sometimes explain the background radiation of the localities, etc. Thallium is very important because of a possibility to apply its mineral lorandite (TlAsS2) in obtaining knowledge in fundamental investigations. Thus, in 1976, Freedman et al. 1 proposed applying of the reaction between 205 Tl and solar neutrinos, producing 205 Pb, to study the neutrino flux from the sun. The aim of this idea is to determine the content of 205 Pb accumulated in thallium minerals, which is produced in this nuclear reaction. For this purpose, a thalliumrich mineral is required as the target. One candidate is lorandite (TlAsS2). The Sb-As-Tl deposit at Alsar in the Republic of Macedonia is a unique mineral deposit in the world and lorandite is the most widespread Tl mineral in the deposit. Therefore, it is important to determine exactly the concentration of lead in thallium minerals, and also the concentration of thallium in other minerals associated with thallium minerals, such as realgar or orpiment. [2] [3] [4] [5] This is very important because these minerals, under the condition that they are co-genetic, can be used as monitors for determining the contribution of background reactions, which originate from natural radioactivity.
It is also known that some thallium minerals are present in lead and zinc mines; also, in the metallurgical processes of lead and zinc production thallium becomes a very important pollution problem concerning the environment. Therefore, it is important to follow the content of thallium in arsenic minerals orpiment and realgar from the Alsar mine as well as lead (galena) and zinc (sphalerite) minerals which originate from different lead and zinc mines from the Republic of Macedonia.
Atomic absorption spectrometry (AAS) is one of the most often used techniques which can be employed for trace-element analyses in minerals. The principal advantage of electrothermal atomic absorption spectrometry (ETAAS), i.e., the detection limits, which are extremely low compared with other methods and are attainable for a great number of elements, makes this technique particularly suitable for determining elements present in geochemical materials at concentrations on the order of ppb. Errors in the atomic absorption spectrometric determination of thallium caused by major-and minor-element interferences are well known. With increased awareness of the magnitude of interelement interferences, their alleviation or elimination becomes essential. An appropriate choice of the method used for partitioning elements depending on their mode of occurrence or chemical forms in the sample, by sequential fractionation or partial dissolution techniques, can result in conditions where the ratio between the interfering elements and the elements to be determined is much greater than in the original sample.
Some authors have investigated the possibility of determining thallium directly from the sample solution, by flame atomic absorption spectrometry (FAAS) 2, 6 or by ETAAS. A method for thallium determination in some sulfide minerals (sphalerite, galena, orpiment and realgar) by electrothermal atomic absorption spectrometry has been proposed. Mineral samples were dissolved in a mixture of HNO3 and HCl. The effect of interfering elements (Zn, Pb and As) on the determination of Tl in the investigated minerals was studied. These investigations show that it is not possible to determine thallium directly from solutions obtained by dissolution of minerals in mineral acids, because these matrix elements tend to decrease the absorbance of thallium. Also, it was found that the investigated minerals contain iron that tends to increase the absorbance of thallium. Therefore, a method for extraction of thallium with isoamyl acetate from 10 mol/l HCl media was proposed. In these conditions, Zn, Pb and As remain in the inorganic phase, but iron and thallium are extracted into organic phase. Reextraction of iron from the organic layer was performed with 4 mol/l H2SO4. The determination of thallium was performed in the organic phase using Pd as modifier. The investigated sulfide minerals originated from different mines from the Republic of Macedonia. The relative standard-deviation range was between 2.20 to 3.92%. The detection limit of the method (calculated as 3SD of the blank) was found to be 0.05 µg/g. To overcome matrix interferences, some authors have suggested the addition of different matrix modifiers, such as palladium, [11] [12] [13] rhodium nitrate, 14 mixed modifier of Pd/Mg (NO3)2, 15-17 ascorbic acid 18 or EDTA. 19 Separation by extraction has been extensively used to isolate thallium from possible interferences in a sample matrix and its determination by FAAS [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] or ETAAS. 3, [32] [33] [34] [35] [36] [37] [38] Some authors suggest the extraction of thallium as different chalogenide complexes, such as bromide complex into methyl isobutyl ketone (MIBK) 22, 27, 37 or into isopropyl ether, 21 ,23,26 iodide complexes into MIBK 24, 25, 29, 32, 35 or chloride complexes of thallium. 31, 34 Other authors suggest different dithiocarbamates for thallium extraction into MIBK, 20, 31, 33, 38 butyl acetate 31 or toluene. 36 In our previous investigation, 3 we applied isoamyl acetate for thallium extraction from different minerals. However, the presence of iron interferes with thallium determination because of its coextration with Tl. In this paper, we present a modified method for the determination of thallium in some arsenic sulfide minerals (orpiment-As2S3 and realgar-As4S4), zinc (sphaleriteZnS) and lead (galena-PbS) minerals, with the extraction of thallium by isoamyl acetate and the reextraction of iron using sulfuric acid. Thallium determination was performed by Zeeman ETAAS.
Experimental

Instrumentation
A Varian SpectrAA 640Z Zeeman electrothermal atomic absorption spectrophotometer with a PSD-100 autosampler was used. A thallium hollow-cathode lamp was used as a source. The operating conditions for the thallium determination are given in Table 1 .
Reagent and samples
All reagents and standards were of analytical grade. Stock solutions of Tl, As, Pb, Fe, and Zn were prepared by dissolving Tl(NO3)3, As2O3, Pb(NO3)2, Fe and Zn metal. The mass concentration of the solutions was 1000 mg/l, and from these solutions other diluted solutions were prepared. Palladium modifier (as a solution with a concentration of 300 mg/l) was prepared by the dilution of a palladium modifier solution for graphite-furnace AAS (Merck, Germany) with a Pd concentration of 10 ± 0.2 g/l (Pd(NO3)2 in nitric acid). Mineral samples of orpiment and realgar were collected from Alsar mine and sphalerite and galena, were collected in Zletovo, Sasa and Toranica lead and zinc mines from the Republic of Macedonia.
Procedures Sphalerite. 0.05 to 0.5 g of a powdered sample of sphalerite was dissolved in 15 ml of 2 mol/l HNO3. The solution was evaporated to dryness and the residue was dissolved in 20 ml of 10 mol/l HCl. A few drops of H2O2 were added and the solution was boiled for 5 min. It was then transferred to a separatory funnel. A 10-ml volume of isoamyl acetate was added and the mixture was shaken for 5 min. After the phases were separated, reextraction of the present iron in the organic layer was performed with 10 ml of 4 mol/l H2SO4. Thallium was determined in the organic phase by applying 10 µl of the solution and 5 µl of a Pd modifier into a graphite furnace. Galena. 0.05 to 0.5 g of a powdered sample of galena was dissolved in 10 ml conc. HNO3 and 2 ml of H2O2. After the solution was evaporated to dryness, the residue was dissolved in 20 ml of 10 mol/l HCl and the solution was transferred into a separatory funnel. The same procedure as that in the case of sphalerite was then followed. Realgar and orpiment. 0.05 to 0.5 g of a powdered sample of realgar and orpiment were dissolved in 10 ml conc. HNO3 and 2 ml H2O2. The same procedure as that in the case of sphalerite was then followed.
Results and Discussion
Since thallium occurs at low concentrations in mineral samples, it is necessary to carry out a preliminary separation to concentrate it and, at the same time, to separate it from the matrix elements. For sample dissolution, acid digestion is usually used. However, acid digestion produces solutions that contain different ions of elements dissolved from the sample matrix, which may interfere with the determination of thallium. The interference of Pb, Zn and As as matrix elements was studied. Because these sulfide minerals also contained a high concentration of iron, 39 Table 1 Instrumental parameters for determining Tl by ETAAS Fig. 1 Influence of Pb ( ), Zn ( ), As ( ) and Fe ( ) on the absorbance of thallium (50 ng/ml) in aqueous solutions.
absorbance of thallium was investigated. A series of solutions with the same concentration of thallium and various concentrations of interfering elements were prepared, so that the concentration of Tl was similar to the concentration in the sample solutions. The results from these investigations are given in Fig. 1 . These data show that Tl can not be determined directly from a solution obtained by dissolving minerals in mineral acids, because Pb, Zn and As tend to decrease and iron tends to increase the absorbance of thallium. Therefore, we proposed to modify the method for thallium extraction as a chloride complex into isoamyl acetate 3 and its determination by Zeeman ETAAS For this purpose, the first step in our work was to check the optimal concentration of HCl for this extraction. It was found that the highest efficiency of extraction (99.2%) could be achieved at a concentration of 10 mol/l of HCl by one-step extraction (instead of 3 times extraction as in previous work) and a 1:2 volume ratio of the organic and inorganic phases. This extraction was applied for arsenic minerals and for the first time for lead and zinc minerals. To check whether the As, Pb, Zn and Fe coextract with Tl, a series of solutions with the same concentration of thallium and different concentrations of interfering elements were prepared and thallium was extracted by the proposed procedure. It was found that in the organic extracts only 0.2 -0.35% of all arsenic, lead and zinc, coextract with thallium. However, it was found that iron is completely extracted together with thallium.
Iron is also extracted by isoamyl acetate 3, 41 and in the case when the content of iron is high it can influence on thallium absorbance. To avoid these interferences, we found that iron can be successfully back-extracted with a solution of sulfuric acid. For this purpose, it was found that 4 mol/l is the optimal concentration of H2SO4. At this concentration of sulfuric acid, thallium completely remained in the organic phase. The optimal volume ratio of organic and inorganic phase was 1:1.
It is known that thallium chlorides and nitrates interfere with thallium determination by ETAAS caused by their volatilization in the pyrolysis stage. 42, 43 Therefore, the addition of a matrix modifier is necessary. Our investigation has shown that thallium can be efficiency atomized at temperatures above 2100˚C by the addition of a palladium modifier. In this case, almost the same absorption signal was obtained for the same concentration of thallium in the inorganic phase before and in the organic phase after the extraction of standard solutions (Fig.  2) . As can be seen, the background absorption signal (Fig. 2) is lower than the absorption signals of thallium. This signal probably appeared because of the presence of some inorganic anions (chlorides, sulfates, nitrate).
Using the proposed method, some samples of the investigated minerals with and without standard additions (with a mass of 0.1 g, except in the case of sphalerite-Toranica sample = 0.08 g, was taken) were dissolved, and thallium was extracted and determined in the organic layer. The results given in Table 2 show satisfactory recovery values.
The method was applied to one reference standard sample (G-2). The value of Tl obtained by this method (1.03 µg/g) had the same general order of magnitude as the certified value (1.02 µg/g). Calibration curves were made using the proposed extraction procedure for standard solutions of the investigated elements. The relative standard deviation for this method ranges between 2.20 to 3.92%. The detection limit of the method (calculated as 3SD of the blank) was found to be 50 ng/g.
Conclusion
A method is described for the determination of thallium in some sulfide minerals (sphalerite, galena, orpiment and realgar) by Zeeman electrothermal atomic absorption spectrometry. To avoid potential matrix interferences, thallium was extracted as a chloride complex into isoamyl acetate. 
